Syntheses of (1R,2S,3R,4S)-1,7,7-trimethyl-2-pyridin-2-ylmethylbicyclo[2.2.1]-heptane-2,3-diol (7), (1R,2S,3R,4S)-1,7,7-trimethyl-2-[(6-methyl)-pyridin-2-ylmethyl-bicyclo-[2.2.1]heptane-2,3-diol (13), and (1R,2S,2'R,4R)-1,7,7-trimethyl-2-piperidin-2-ylmethyl-bicyclo[2.2.1]heptan-2-ol (19b) from commercially available (d)-camphor (1) are described. Key steps of the syntheses involved substrate-controlled diastereoselective alkylation and platinum oxide-catalyzed hydrogenation reactions. These compounds, and other intermediate amino alcohols in their syntheses, were successfully utilized as ligands in enantioselective diethyl zinc (Et 2 Zn) addition to benzaldehyde with moderate enantioselectivity. 
MeOH, 0 o C 24 h Table 1 Scheme 1. Synthesis of amino diols 7 and 13. Compounds 2 and 3 were synthesized using established protocols [3] [4] [26] . Figure 1 [28] .
With the synthetic route to amino diol 7 and the 2S and 3R stereochemistry at C2 and C3 successfully established, amino diol 13 was synthesized using the same methodology (Scheme 1) from 2,6-lutidine and the 3,3-dimethoxy ketal 3.
Thus, nucleophilic addition of lithiated 2,6-lutidine, 10 to dimethoxy ketal 3 afforded amino alcohol 11 in 95% yield. Hydrolysis of 11 using 3 M HCl gave aminohydroxyketone 12 in 96% yield. Subsequent hydride reduction of the aminohydroxyl ketone with sodium borohydride in methanol at 0˚C afforded amino diol 13 in 92% yield.
This family of ligands obtained was expanded by subjecting some of the amino alcohol members to catalytic hydrogenation using Adam's catalyst in acetic acid. We envisaged that the already established stereocenters in the substrates will induce some sort of asymmetry at the new chiral center that will be formed upon hydrogenation of the pyridine ring. Thus, amino diol 7 was first subjected to catalytic hydrogenation in a Parr hydrogenator using platinum oxide in acetic acid (Scheme 2, Equation (1)). To our disappointment both epimers 14a and 14b (Scheme 2, Equation (1)) of the expected piperidine product were formed in almost equal amount, and proved to be very difficult to separate by chromatography, crystallization or resolution using chiral resolving agents (tartaric acid and camphorsulfonic acid).
The epimers were also derivatized by alkylation and acylation of the secondary amine, but the corresponding products had closely similar R f values. Consequently, another route to these epimers was investigated.
To this end amino alcohol 5 was hydrogenated using platinum oxide (Adam's Figure 1 . X-Ray crystal structure of amino diol 7. 9 Unit Cell Dimensions: a = 7.140(2) Å; α = 90˚; b = 18.794(6) Å; β = 90˚; c = 21.357(6) Å; γ = 90˚. 9 International Journal of Organic Chemistry catalyst) in glacial acetic acid and interestingly, the corresponding product, assumably 15a (Scheme 2, Equation (2)), was obtained diastereoselectively in 72% yield (as confirmed by the 1 H NMR of the crude product, based on the signals of the methyl groups). This is apparently because of the presence of the dimethoxy group at C3 of the camphor skeleton. The space filling molecular model [29] representations ( Figure 2 ) of two most stable rotamers of 5 show that the top side of the pyridine is sterically more hindered than the bottom side. Since the mechanism [30] of hydrogenation involves coordination of the organic substrate onto the metal through the π-bonds, it is therefore reasonable to expect that the hydrogenation of 5 would occur on the bottom face of 5A or 5B (Figure 2 ).
Since the bottom face of 5A and 5B is clearly more accessible than the top one, the formation of 15a likely involves 5A. Since 5A and 5B are almost equally stable (Figure 2 ), the origin of favor of 5A over 5B could be a solvent effect. This reduction is conducted in glacial acetic acid. Since acetic acid is very polar and capable of hydrogen bonding to the nitrogen of pyridine ring and such interactions are more favorably present in 5A than in 5B (nitrogen buried under the 3,3-dimethoxy ketal group), this conformer, 5A, could be more stabilized over 5B. Furthermore, in 5B the fatty part of the pyridine ring sticks far out into polar solvent (unfavorable interactions) whereas in 5A the fatty part is partially shielded by methyl groups of the dimethoxyketal group (stabilizing hydrophobic interactions).
Hydrogenation of 5 to 15a was succeeded by acid-catalyzed hydrolysis of the amino alcohol 15a to aminohydroxy ketone 16 in 95% yield. Hydride reduction of this aminohydroxy ketone afforded amino diols 14a and 17 in 1.5:1 ratio (Scheme 2, Equation (2)). Unfortunately, efforts to separate these diastereomers proved unsuccessful too.
Literature search showed that neither these amino diols, nor 16 have been synthesized or reported before. The closest ligand reported with isoborneol-picolinyl skeleton are 18a and isoborneol-6-methylpicolinyl 18b [31] [32].
Also, the catalytic hydrogenation of 18a has been reported [31] [32] and the product 19 (as a mixture of 19a and 19b) was characterized on the basis of a melting point only. To this end, we decided to investigate catalytic hydrogenation of 18a with the intention of using the corresponding anticipated amino alcohol as a catalyst in asymmetric reactions.
Thus, amino alcohol 18a was synthesized according to Xu et al. [31] . This amino alcohol was then subjected to catalytic hydrogenation using Adam's reagents Figure 3 ). To circumvent the cumbersome recrystallization step, another reductive route to 19b was adopted. Thus, a quaternary ammonium salt 20 was easily synthesized [33] by refluxing 18a with benzyl bromide in acetone (Scheme 3). This quaternary ammonium salt was then subjected to hydride reduction [34] [35] using different reducing agents and conditions (Table 2 ) to obtain 21 (Scheme 3, Figure 4 ). Reduction of 20 with sodium borohydride [34] and tetramethylammonium borohydride both gave excellent yields (Table 2) .
For example, sodium borohydride afforded almost complete conversion to 21
( 
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Since new chiral Lewis acids are always interesting, we decided to briefly probe the synthesis boron chelates of some our new amino alcohols (Scheme 4).
Thus toluene solutions of 7, 16, and 19b with triethylborane were refluxed for 24 h (Scheme 4) respectively. Boron chelates 23, 25 and 26 were obtained in a very clean reaction in high yields: 98%, 95% and 92% respectively. An attempt was also made to obtain a boron chelate of 6. However, when the reaction was stopped after 48 h, the main product turned out to be 24 (Scheme 4). This supports the above-discussed mechanism of formation of 9 ( [31] . Interestingly, the 6-methyl substituent of the picolinyl group of 18b ( Figure 5 ) has a major impact on the enantioselectivity of this reaction. Compound 18b has been reported to give 77% e.e. of the same (R)-alcohol with benzaldehyde as a substrate [32] . Figure 5 . Picoline-based [25] and lutidine-based bidentate ligands [32] .
The only experiment conducted using 20 mol.% of amino alcohol 19b with 5 eq. Et 2 Zn (relative to benzaldehyde) gave (R)-1-phenylpropanol as the dominating product with an enantiomeric excess of 45% (Table 3 , entry 13). This is about 10%-units higher than the corresponding value of 18a (entry 1). An N-alkylated derivative of 19b could give a higher enantiomeric excess.
The reaction of Et 2 Zn with benzaldehyde and 5 was conducted using 2 eq. of Et 2 Zn (relative to the aldehyde) at 0˚C in the presence of 20, 10, and 5 mol.% of 5 ( Table 3 , entries 2 -4). Unfortunately, the enantioselectivities were very poor.
The 3,3-dimethoxy ketal group probably rendered the OH group at C2 too crowded (in between two quaternary centers in 5).
When compound 6 was used as a ligand, a slightly better enantioselectivities were observed, but now with the (S)-1-phenylpropanol of the dominating product in 19% -22% e.e. (Table 3 , entries 5 and 6). This is interesting as it seems as if space near C3 of the bornane skeleton of compound 18a would be in close contact with the active center of the catalyst. In this light a proper modification of the substitution pattern at C3 could lead to a discovery of a highly enantioselective ligand. Ligands 7 and 13 turned out to be clearly more enantioselective than 5, 6 or 18a. Using 7, the best enantioselectivity obtained was 67% (with benzaldehyde) as a substrate whereas with 13, the best enantioselectivity obtained was 77% (with p-chlorobenzadehyde). Since 7 performed clearly better than 18a, one could conclude that the 3-OH group may play a more important role in this reaction than the 2-OH group does. In that light 27, 2-dehydroxy-2-hydro derivative of 7 ( Figure 5 ), could still be a better catalyst than 7. This conclusion is supported by results published earlier [25] . Ligand 28, which is structurally closely similar to 7, catalyzed this reaction (Scheme 5) with 89% e.e. and in a high yield [25] . Therefore, in this group of 1,4-and 1,3-amino alcohols, the former seems to give significantly better enantioselectivity. In the case of hybrid ligands, such as 7, the enantioselectivities seem to fall in between those of the parents (as the 2-OH group is there lowering the enantioselectivity). Therefore, further studies aiming on better enantioselectivities of derivatives of 18a should focus on derivatives of 27 and 28 instead of related 1,3-aminoalcohols (such as 18), or hybrid compounds (e.g. 7). However, in the case of derivatives of 18b the contrary may apply: 18b has been reported [32] to give 77% e.e. with benzalde-
hyde in the same reaction in which 18a gives only 34% e.e. Indeed, compound 13, which is a 3-hydroxy derivative of 18b, gave (R)-1-phenylpropanol with a lower enantioselectivity than 18b has been reported [32] to do. This could indicate that the diethylzinc coordinated to the ethylzinc alkoxide of 3-hydroxyl group of 13 is only lowering the enantioselectivity of the reaction occurring at the diethylzinc coordinated to the ethylzinc alkoxide of 2-hydroxyl group of 13. A similar conclusion was drawn earlier by Pale et al. [32] when they studied closely related amino diols 18b and C 2 -symmetric 18c ( Figure 6 ). Compound 18b (77% e.e. and 81% yield of the (R)-1-phenylpropanol) turned out to be a slightly better catalyst [32] than 18c (75% e.e. and 78% yield of the same (R)-alcohol), which gave rise to a conclusion that only one hydroxyl group of 18c at the time is part of the active center of the catalysts. In this light different hydroxyl groups of amino diols 7 and 13 could be important for their catalytic performance and enantioselectivity.
Diethylzinc additions can be sensitive to reaction conditions. Interestingly, 20 mol.% of 7 gave a lower enantiomeric excess (57%, entry 11) than obtained using 10 mol.% of 7 (67%, entry 12). Based on the results the performance of ligand 13 (entries 14 and 15) does not significantly differ from that of 7. We chose to use 5 eq. of Et 2 Zn (relative to the aldehyde) with both amino diols 7 and 13 to ensure that Et 2 Zn-ligand ratio would be high enough to keep both OH groups of amino diols 7 and 13 as zinc ethoxides each coordinated to one Et 2 With 18a we used only 2 eq. to reproduce the literature [31] data. Also in the case of the related reactions of ligand 28 the Et 2 Zn-ligand ratio of 2.2 : 1 was sufficient to render 1-phenylpropanol in high yield and in 89% e.e. [25] . As regarding the reaction mechanism, with 5 eq. of Et 2 Zn (relative to the aldehyde) all plausible Lewis basic sites on ligands 7 and 13 should be coordinated to zinc. 
A few substrates other than benzaldehyde were briefly studied using ligand 13 (Table 3, entries 16 -19) . Interestingly, in the case of reaction of p-chlorobenzaldehyde catalyzed by a zinc chelate of 13 the product was the (S)-1-(4'-chlorophenyl)-propanol in 77% e.e. (Table 3 , entry 16). Also 2-naphthaldehyde gave (S)-alcohol but in much lower enantioselectivity (entry 17). This is somewhat peculiar as ligand 18b has been reported to give right the same 77% e.e. with benzadehyde but the product was reported 12b to be (R)-1-phenylpropanol. This may suggest that the mechanism of this reaction is more complex than that described in To 2-picoline (0.7 mL, 7.07 mmol) in a 100 mL 2-neck flask under nitrogen was added anhydrous THF (30.0 mL). The reaction flask was cooled to 0˚C and 2.0 M n-BuLi (3.8 mL, 7.47 mmol) in cyclohexane was added over 15 minutes under vigorous stirring. The reaction mixture was allowed to warm up to room temperature and then stirred for 1 hour. The mixture was cooled back to 0˚C and a solution of (1R,4S)-3,3-Dimethoxy-1,7,7-trimethylbicyclo[2.2.1]-heptan-2-one, 3 (1.50 g, 7.07 mmol), in THF (20.0 mL) was added over 15 minutes. After 24 hours, the reaction mixture was neutralized with saturated aqueous ammonium chloride, THF layer was separated and the water layer was extracted with ethyl acetate (3 × 20 mL). The organic layers were combined, washed with brine, dried over magnesium sulfate and evaporated to dryness. The residue was purified by column chromatography to afford pure (1R,2S,4S)-3,3-dimethoxy-1,7,7-trimethyl-2-pyridin-2-ylmethylbicyclo[2. To (1R,2S,4S)-3,3-dimethoxy-1,7,7-trimethyl-2-pyridin-2-ylmethylbicyclo [2.2.1]heptan-2-ol, 5 (13.26 g, 43.4 mmol) in a 250 mL single-neck reaction flask with magnetic stirring bar was added 3 M HCl (80.0 mL) at room temperature and stirred for 24 hours. Reaction mixture was neutralized with 3 M aqueous sodium hydroxide until the pH was basic. The mixture was extracted with ethyl acetate (3 × 50 mL). Organic extracts were dried over magnesium sulfate and evaporated to dryness. Purification of the residue by flash column chromatography afforded pure (1S,3S,4R)-3-hydroxy-4,7,7-trimethyl-3-pyridin-2-ylmethylbicyclo[2. 
Experimental
To a solution of 1-benzyl-2-((1R,2S,4R)-2-hydroxy-1,7,7-trimethyl-bicyclo C NMR spectra correlate with those reported earlier. 6 The purified product was analyzed by HPLC (Chiralcel OD or AD, hex./IPA 95:5, 0.7 mL/min., 254 nm).
Conclusions
We have described syntheses and structural characterization (including four X-ray crystal structures) of six new camphor-based amino alcohols and diols.
These compounds were utilized as ligands for enantioselective additions of Et 2 Zn to benzaldehydes to obtain 1-phenylethanols. The highest enantioselectivity (77%) was obtained in the case of p-chlorobenzaldhyde with 13 as a ligand.
The results show that amino 2,3-diol 7 (Table 3 , entry 11) gave better asymmetric induction than the related 3-dehydroxy derivative [31] [32] 18a (Table 3, entry 1) even at lower ligand concentration (Table 3 , entry 12). The same did not work in the case of 18b [32] . Adding a hydroxyl group at C3 of 18b (i.e. converting 18b to 13) gave rise to a decrease of the catalytic performance. This together with the known better performance [25] of ligand 28 suggest that further studies aiming on better enantioselectivities through intelligent functionalization of these scaffolds should focus on derivatives of 27 and 28 instead of related 1,3-aminoalcohols (such as 18), or hybrid compounds (e.g. 7 and 13).
An attempt was also made in using amino diols 7 and 13 as ligands for enantioselective additions of terminal alkynes to aldehydes. Unfortunately the results were very poor. Our studies on these new ligands continue.
